1. Introduction {#s0005}
===============

The amyloid beta (Aβ) cascade is currently the most convincing hypothesis for the pathogenesis of Alzheimer\'s disease (AD), suggesting that the formation of senile plaques followed by the deposition of Aβ are the earliest pathological changes in the disease ([@bb0035], [@bb0030]). Recent evidence has shown that amyloid pathology occurs \> 20 years before the clinical onset of AD ([@bb0005], [@bb0055]). Therefore, biomarker-based detection of the initial Aβ pathology is important for better clinical management of AD, potentially providing the opportunity to start disease-modifying therapies before the progression stages of AD.

The accumulation of brain Aβ can be assessed by measurement of the Aβ concentration in the cerebrospinal fluid (CSF) or by molecular imaging techniques such as positron emission tomography (PET) using a specific radioligand for Aβ. However, lumbar puncture, needed for the collection of a CSF sample, is associated with the risk of a clinically noxious event and thus is unsuitable as a mass screening tool.

Neuroimaging has the merit of being less invasive. However, PET is relatively expensive, and its availability is limited. Furthermore, PET leads to cumulative radiation exposure of subjects ([@bb0105]).

Magnetic resonance imaging (MRI) is an appealing candidate for the inexpensive and noninvasive identification of surrogate biomarkers for altered brain anomalies in neurological and psychiatric diseases. The ratio of the signal intensities of T1-weighted (T1w) and T2-weighted (T2w) MRI was recently proposed to enhance the sensitivity of detecting changes in signal intensity associated with diseases ([@bb0025]). Signal intensity changes may be a particularly sensitive measurement, as exhibited by findings in various brain diseases (e.g., infarction and multiple sclerosis), and measuring the signal intensity ratio of T1w and T2w images has conceivable advantages over standard volume/size measurements ([@bb0050]).

Recently, improved methods have been developed that use the ratio of T1w/T2w MRI images ([@bb0015], [@bb0100]). We hypothesized that the T1w/T2w ratio analysis may also be helpful to detect signal intensity changes due to Aβ accumulation within subjects at pre-clinical stage of AD. To test this hypothesis, we examined the effectiveness of T1w/T2w ratio imaging as an easily accessible biomarker for Aβ accumulation. We applied the T1w/T2w analysis workflow ([@bb0015]) to structural MRI data collected in cognitively normal elderly individuals. For comparison to standard PET techniques, we performed \[^11^C\] Pittsburgh Compound B (PiB)-PET in the same individuals, and Aβ deposition was quantified by cortical binding potential (PiB-BP~ND~). The main purpose of this study was to develop a new method for screening patients for high accumulation of Aβ deposits by using the ratio of the signal intensities in T1w and T2w images.

2. Materials and methods {#s0010}
========================

2.1. Participants {#s0015}
-----------------

Thirty-eight cognitively normal older participants were recruited from the local area by poster advertisements. The inclusion criteria were an age of 55--85 years, a mini-mental state examination score of 27 or higher, independent living in the community, and no major structural abnormalities or signs of major vascular pathology on MRI. The exclusion criteria included major neurological, psychiatric, or medical illnesses; the use of medications that affect cognition; and MRI contraindications. This study was carried out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving humans. The study was approved by the institutional review boards of all of the participating institutions, and all participants gave written informed consent.

2.2. PET and MRI scans {#s0020}
----------------------

PET and MRI examination methods have been described in detail previously ([@bb0115]). PET examinations were performed with a Biograph mCT (Siemens, Knoxville Healthcare/Molecular Imaging, TN, USA). \[^11^C\]PiB (645 ± 30 MBq) was intravenously injected with 50 mL of saline. A sequence of 33 scans was acquired during the 70 min (4 × 15 s, 8 × 30 s, 9 × 1 min, 2 × 3 min, and 10 × 5 min) after the \[^11^C\]PiB injection. All MRI examinations were performed using a 3.0-Tesla whole-body scanner (Signa Excite HD V12M4; GE Healthcare, Milwaukee, WI, USA) with an 8-channel phased-array brain coil. High-resolution three-dimensional T1-weighted images were acquired using a spoiled gradient-recalled sequence (TR = 12.8 ms, TE = 2.6 ms, flip angle = 8°, FOV, 256 mm; 188 sections in the sagittal plane; acquisition matrix, 256 × 256; acquired resolution, 1 × 1 × 1 mm). T2-weighted images were obtained using a fast-spin echo sequence (TR = 4800 ms; TE = 101 ms; echo train length (ETL) = 8; FOV = 256 mm; 74 slices in the transverse plane; acquisition matrix, 160 × 160, acquired resolution, 1 × 1 × 2 mm).

2.3. PET data analysis {#s0025}
----------------------

PET data analysis has been previously described in detail ([@bb0115]). \[^11^C\]PiB-PET data were corrected for partial volume effects using an algorithm introduced by [@bb0080] that was implemented in the PMOD software package (PMOD V.3.3; PMOD Technologies GmbH, Adliswil, Switzerland). The radioactivity levels in six brain regions (the prefrontal cortex, lateral temporal cortex, parietal cortex, anterior cingulate cortex, posterior cingulate cortex, and cerebellum) were obtained with a template-based method for defining volumes of interest (VOI) ([@bb0110]). Regional time-activity data were analyzed from 35 to 70 min of PET data with the Logan graphical method ([@bb0070]). This method yields BP estimates relative to non-displaceable (ND) binding, which is denoted by BP~ND~ ([@bb0045]). Global cortical mean PiB-BP~ND~ was evaluated from the measured brain regions.

2.4. MRI data analysis of T1w/T2w images {#s0030}
----------------------------------------

T1w and T2w images were preprocessed and combined using a dedicated workflow as described in the previous papers by [@bb0015], [@bb0020]. This includes bias correction and intensity calibration on each of the two images and the subsequent calculation of the ratio between preprocessed T1w and T2w images. The entire processing of the T1w/T2w image was conducted using the MR Tool--Multimodal Mapping (<http://www.bindgroup.eu/wp-content/uploads/2015/11/mrtool-v1.2.zip>) implemented in the SPM12 software (Wellcome Trust Centre for Neuroimaging, London, UK).

Initially, the original T2w image was coregistered to the T1w image through a rigid-body transformation. Then, the T1w and T2w images were separately subjected to bias correction. The input parameters for the bias correction algorithm, namely the smoothing and the regularization parameters, were set at their default value. After correcting for intensity non-uniformity, the T1w and T2w images were further processed to standardize their intensity by using a linear scaling procedure systematically described in [@bb0015], [@bb0020]. Eventually, after calibrating the T1w and T2w images, their ratio was calculated to generate the calibrated T1w/T2w image. To conduct statistical comparisons between groups, we spatially transformed the T1w/T2w image in subject space to the Montreal Neurological Institute space. The gray matter (GM) and white matter (WM) components of the T1w/T2w image were extracted using the segmented normalized T1w image. We created both GM and WM binary mask images using the SPM Masking Toolbox ([@bb0090]). These mask images were used to perform the statistical analyses with SPM12.

2.5. Statistical analysis {#s0035}
-------------------------

The subjects were divided into low and high PiB-BP~ND~ groups according to the global cortical mean PiB-BP~ND~. We regarded subjects with PiB-BP~ND~ \< 0.20 as the low PiB-BP~ND~ group (*n* = 25) and those with PiB-BP~ND~ ≥ 0.20 as the high PiB-BP~ND~ group (n = 13). Group differences in demographic characteristics between the low and high PiB-BP~ND~ groups were examined by unpaired *t*-test and Pearson\'s χ^2^ test.

Group differences in regional T1w/T2w values were compared using repeated measures analysis of variance (ANOVA) with a Huynh-Feldt\'s correction. A follow-up *t*-test was performed on the T1w/T2w values of each measured region in the two PiB-BP~ND~ groups. Although we found significant differences in sex and education between the groups, we did not include these as covariates due to the lack of a significant linear relationship with regional PiB-BP~ND~. In the regions where we found a significant difference of T1w/T2w values between groups, we conducted a correlation analysis between the regional T1w/T2w values and PiB-BP~ND~ by Spearman correlation tests.

Voxel-based analysis was performed using the SPM12 software. Both GM and WM T1w/T2w images were smoothed with a Gaussian kernel of 6-mm full-width at half-maximum (FWHM). The difference in GM and WM T1w/T2w values between groups of low and high PiB-BP~ND~ was examined using ANOVA. Multiple comparisons were controlled with cluster-extent threshold combined with a height threshold of 0.001, to produce clusters with a family-wise error of p \< 0.05. Spherical VOIs (5-mm radius) were determined from regions in which subjects with high PiB-BP~ND~ showed significantly higher or lower T1w/T2w values than subjects with low PiB-BP~ND~. The center of the spherical VOIs was determined from the Montreal Neurological Institute coordinates with peak *t*-value. The regional T1w/T2w values were calculated by averaging the values for all voxels within the spherical VOIs placed on T1w/T2w images. The differences of T1w/T2w values in spherical VOIs were examined by unpaired *t*-test. The relationships among T1w/T2w values, PiB-BP~ND~ in the spherical VOIs, and global cortical mean PiB-BP~ND~ were examined by Spearman correlation tests. Statistical tests were 2-tailed and significance was reported at α \< 0.05. Statistical analysis of the data was performed using SPSS for Windows 22.0 (IBM Japan Inc., Tokyo, Japan).

3. Results {#s0040}
==========

[Table 1](#t0005){ref-type="table"} summarizes the demographic and clinical characteristics of groups of low and high global cortical mean PiB-BP~ND~. The groups differ significantly in sex and educational periods.

In the repeated measures ANOVA, we found significant interaction between measured regions and the low/high groups of PiB-BP~ND~ ([Table 2](#t0010){ref-type="table"}), and the follow-up *t*-test indicated that subjects with high global cortical PiB-BP~ND~ showed significantly higher regional T1w/T2w ratio in the orbital frontal cortex, lateral prefrontal cortex, medial frontal cortex, and anterior cingulate cortex ([Table 2](#t0010){ref-type="table"}). Although we found significant differences in sex and education between groups, we did not include them as covariates due to the lack of their significant linear relationship with regional PiB-BP~ND~.

In the correlation analysis between the regional T1w/T2w ratio and PiB-BP~ND~, we found a significant correlation between these values in the medial frontal cortex and in the combined region analysis ([Table 3](#t0015){ref-type="table"}).

In the voxel-based analysis, patients with high PiB-BP~ND~ values showed significantly higher GM T1w/T2w ratios in the medial frontal region (x = 4, y = 60, z = − 8) than patients with low PiB-BP~ND~ values (0.53 ± 0.04 in the low, 0.65 ± 0.11 in the high PiB-BP~ND~ group in the spherical VOI, *t* = 3.93, p = 0.001) ([Fig. 1](#f0005){ref-type="fig"}). We found no significant difference in WM T1w/T2w ratios between groups. After correcting the bias and calibrating the intensity, we compared GM T1w and T2w images in the medial frontal region between groups and found that T2w images in the high PiB-BP~ND~ group had significantly lower intensity (31.1 ± 2.6 in the low, 30.6 ± 2.6 in the high PiB-BP~ND~ group, *t* = 0.62, p = 0.54 for T1w images; 50.5 ± 4.3 in the low, 44.7 ± 5.8 in the high PiB-BP~ND~ group, *t* = 3.48, p = 0.001 for T2w images).

Scatter plots of the relationships among the T1w/T2w ratio and PiB-BP~ND~ in the spherical VOI in the medial prefrontal region and the global cortical mean PiB-BP~ND~ are shown in [Fig. 2](#f0010){ref-type="fig"}. We found significant correlations among regional T1w/T2w ratios, regional PiB-BP~ND~ values, and global cortical mean PiB-BP~ND~ values.

[Fig. 3](#f0015){ref-type="fig"} shows the scatter plot of T1w/T2w ratio in the medial frontal region of the low and high PiB-BP~ND~ groups. We found a significant difference in the T1w/T2w ratios between the groups. We performed receiver operating characteristic curve (ROC) analysis to find the cut-off point of the T1w/T2w ratio that maximized sensitivity or specificity, which could best differentiate patients with low PiB-BP~ND~ from high PiB-BP~ND~ group members ([Fig. 4](#f0020){ref-type="fig"}). With a T1w/T2w ratio of 0.55, we correctly predicted 11 of 13 high PiB-BP~ND~ group members and 20 of 25 low PiB-BP~ND~ group members. The accuracy was 81.6%, with a sensitivity of 84.6% and specificity of 80.0% for the discrimination of subjects with high PiB-BP~ND~ from the total pool of subjects.

4. Discussion {#s0045}
=============

In this present study, we evaluated the potential utility of the T1w/T2w approach for the prediction of Aβ deposition by the analysis of T1w and T2w data collected in cognitively normal subjects with low and high cortical Aβ accumulation. To our knowledge, this is the first in vivo study to show a relationship between the T1w/T2w ratio and amyloid pathology. We found larger T1w/T2w ratios in the high PiB-BP~ND~ group and a significant positive correlation between the T1w/T2w ratios and PiB-BP~ND~ values.

Our results support the notion that the ratio of T1w/T2w images could be a potentially sensitive marker of amyloid accumulation at the pre-clinical stage. However, the positive relationship between T1w/T2w ratio and the amyloid accumulation was contrary to expectations. If the T1w/T2w ratio were a reflection of the myelin-related pathological changes due to toxic Aβ accumulation, the T1w/T2w ratio should be decreased in accordance with the increase in Aβ accumulation. To interpret our results, it should be considered that the T1w/T2w image may reflect not only the level of demyelination but also other microstructural factors in addition to myelin. For example, iron, in addition to myelin, has been found to contribute to cortical MR image contrast ([@bb0100]). Indeed, most metal deposition, including iron, causes high signal intensity on T1w images and/or low signal intensity on T2w images ([@bb0060]). In the present study, we found that T2w images in the high PiB-BP~ND~ group had a significantly lower intensity compared to the low PiB-BP~ND~ group, and the increased T1w/T2w ratio is primarily due to differences in the T2w image.

Under normal conditions in healthy subjects, iron and myelin are colocalized in the cortex ([@bb0010]), and the large fraction of the differences in T1w/T2w is thought to be due to variation of the myelin density ([@bb0100]). However, recent reports provide strong evidence regarding the covariance of Aβ plaques with the heme-rich deposits found in the regions of the brain consistent with the pathological profile of neurodegeneration in AD ([@bb0085]). Iron complexed with Aβ peptides was indicated to be toxic in cultured cells ([@bb0095]). Iron was also shown to initiate and promote the aggregation, oligomerization, and amyloidosis of Aβ peptides ([@bb0040], [@bb0065], [@bb0075]). Thus, our finding of a positive relationship between the T1w/T2w ratio and Aβ deposition may reflect perturbations in the magnetic field due to plaque-attached iron strong enough to affect tissue susceptibility and MR relaxation times.

In vivo detection of amyloid plaques in humans by MRI opens up the possibility of the promising scenario of AD prevention. Here, we showed that the T1w/T2w ratio in the medial frontal cortex could classify 80.0% of subjects with low PiB-BP~ND~ and 84.6% of subjects with high PiB-BP~ND~, with an accuracy of 81.6%. We believe that the T1w/T2w ratio is a potential stable biological marker of the early Aβ accumulation in cognitively normal individuals. As such, the T1w/T2w ratio method may aid the recruitment of subjects and the evaluation of the therapeutic efficacy in clinical settings and trials. Such a method of classifying Aβ-positivity improves the efficiency of the clinical trials by reducing subjects who need to be screened by CSF analysis or Aβ-PET. Our method is also useful for the identification of individuals with Aβ + deposits in the situation in which cost or a logistic problem prohibits Aβ detection by Aβ-PET scan or lumbar puncture.

The limitations of our study need to be considered. First, the sample size of our study was not large enough to detect small differences between the groups. Second, this was a cross-sectional and not a longitudinal follow-up study, which is necessary to see how predictive our findings are of future AD. Third, when we focused on three outliers with high regional T1w/T2w values in [Fig. 2](#f0010){ref-type="fig"}, these values seem to be overestimated when compared to those predicted from their PiB-BP~ND~ in plots without these outliers. This overestimation might be due to other confounding factors that affect the T1w/T2w values besides the known iron and myelin-related pathological changes. Before the clinical application of the T1w/T2w ratio method, future studies should determine the possible factors other than the iron and myelin content that affect the T1w/T2w ratio in MRI.

5. Conclusions {#s0050}
==============

Our results showed that early Aβ deposits can be detected using the T1w/T2w ratio in MRI. We found a significant positive relationship between the regional T1w/T2w ratio and Aβ accumulation. This method is an attractive candidate for an inexpensive and noninvasive surrogate biomarker of Aβ accumulation because it is available widely and is routinely evaluated in clinical practice. The relatively short scan times and conventional protocols also increase the utility of this method in the clinical situation. Whereas it would be premature to draw definitive conclusions from the current analysis, our findings serve as promising pilot data for future studies.
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![Images of voxel-based maps showing greater T1w/T2w ratios in the region of the medial frontal cortex in the high PiB-BP~ND~ group compared to the low PiB-BP~ND~ group. p \< 0.001, uncorrected. The statistical parametric mapping projections were superimposed on representative sagittal (x = 4), transaxial (z = − 8) and coronal (y = 60) magnetic resonance images.](gr1){#f0005}

![Scatter plots of the relationships among the T1w/T2w ratios, regional PiB-BP~ND~ values, and the global cortical mean PiB-BP~ND~ values. We found significant positive correlations among the regional T1w/T2w ratios, regional PiB-BP~ND~ values, and global cortical mean PiB-BP~ND~ values. Fitted lines (solid) with 95% confidence intervals (dashed lines) are shown in each plot. p \< 0.05; ρ, Spearman\'s ρ; VOI, volume of interest.](gr2){#f0010}

![Scatter plot of the T1w/T2w ratios in the medial frontal region of the low and high PiB-BP~ND~ groups. With a T1w/T2w ratio of 0.55, we correctly predicted 11 of 13 high PiB-BP~ND~ group members and 20 of 25 low PiB-BP~ND~ group members.](gr3){#f0015}

![Receiver operating characteristic curve for the T1w/T2w ratio. With the T1w/T2w ratio of 0.55, Youden index \[sensitivity -- (1-specificity)\] shows a maximum value of 0.65 (sensitivity = 0.846, specificity = 0.800) at the cutpoint shown by asterisk.](gr4){#f0020}

###### 

Demographic statistics of low and high PiB-BP~ND~ groups.

Table 1

  -----------------------------------------------------------------------------------------------------------------------------
  Characteristic/test               Low PiB-BP~ND~\   High PiB-BP~ND~\   *t* or χ^2^   p
                                    (BP \< 0.20)      (BP ≥ 0.20)                      
  --------------------------------- ----------------- ------------------ ------------- ----------------------------------------
  No.                               25                13                               

  Global cortical mean PiB-BP~ND~   0.10 ± 0.07       0.40 ± 0.26        4.06          0.001[a](#tf0005){ref-type="table-fn"}

  Age, years                        70.2 ± 6.9        70.8 ± 7.0         0.24          0.810

  Sex M/F                           19/6              4/9                7.32          0.007[a](#tf0005){ref-type="table-fn"}

  Education, years                  14.4 ± 2.5        11.7 ± 2.3         3.27          0.002[a](#tf0005){ref-type="table-fn"}

  Mini-mental state examination     29.3 ± 0.9        29.5 ± 1.1         0.54          0.590
  -----------------------------------------------------------------------------------------------------------------------------

Data are represented as mean ± sd.

p \< 0.05.

###### 

Differences in regional T1w/T2w ratio between low and high PiB-BP~ND~ groups.

Table 2

  Regions                      T1w/T2w ratio   *t*-Test[a](#tf0010){ref-type="table-fn"}          
  ---------------------------- --------------- ------------------------------------------- ------ ---------------------------------------
  Orbital frontal cortex       0.78 ± 0.06     0.84 ± 0.08                                 2.54   0.02[b](#tf0015){ref-type="table-fn"}
  Lateral prefrontal cortex    0.70 ± 0.06     0.74 ± 0.05                                 2.10   0.04[b](#tf0015){ref-type="table-fn"}
  Medial prefrontal cortex     0.64 ± 0.05     0.68 ± 0.04                                 2.63   0.01[b](#tf0015){ref-type="table-fn"}
  Lateral temporal cortex      0.76 ± 0.05     0.79 ± 0.04                                 1.69   0.10
  Medial temporal cortex       0.70 ± 0.05     0.73 ± 0.03                                 1.72   0.09
  Parietal cortex              0.71 ± 0.05     0.70 ± 0.06                                 0.05   0.96
  Occipital cortex             0.76 ± 0.06     0.77 ± 0.05                                 0.50   0.62
  Striatum                     0.90 ± 0.06     0.93 ± 0.05                                 1.38   0.18
  Anterior cingulate cortex    0.63 ± 0.04     0.66 ± 0.04                                 2.48   0.02[b](#tf0015){ref-type="table-fn"}
  Posterior cingulate cortex   0.69 ± 0.04     0.72 ± 0.05                                 1.96   0.06

Repeated measures of analysis of variance revealed a significant interaction of regions × groups of low/high PiB-BP~ND~ (regions, F = 235.4, df = 3.6, 128.2, p \< 0.01, regions × groups of low/high PiB-BP~ND~; F = 2.54, df = 3.6, 128.2, p = 0.05, groups of low/high PiB-BP~ND~; F = 3.87, df = 1, 36, p = 0.06).

p \< 0.05.

###### 

Correlation between T1w/T2w ratio and PiB-BP~ND~ in measured regions.

Table 3

                                     Spearman\'s ρ (p)
  ---------------------------------- ------------------------------------------------
  Orbital frontal cortex             0.21 (0.21)
  Lateral prefrontal cortex          0.24 (0.14)
  Medial prefrontal cortex           0.54 (0.0005)[a](#tf0020){ref-type="table-fn"}
  Anterior cingulate cortex          0.25 (0.13)
  Combination of the above regions   0.45 (0.005)[a](#tf0020){ref-type="table-fn"}

Significant with consideration to the multiple comparisons with p \< 0.01 (0.05/5).
